Abstract. Nodulation in legumes provides a major conduit of available nitrogen into the biosphere. The development of nitrogen-fixing nodules results from a symbiotic interaction between soil bacteria, commonly called rhizobia, and legume plants. Molecular genetic analysis in both model and agriculturally important legume species has resulted in the identification of a variety of genes that are essential for the establishment, maintenance and regulation of this symbiosis. Autoregulation of nodulation (AON) is a major internal process by which nodule numbers are controlled through prior nodulation events. Characterisation of AON-deficient mutants has revealed a novel systemic signal transduction pathway controlled by a receptor-like kinase. This review reports our present level of understanding on the short-and long-distance signalling networks controlling early nodulation events and AON.
Introduction
With a few exceptions, the formation and development of nitrogen-fixing root nodules ( Fig. 1) is the result of a symbiotic relationship between leguminous plants and soil bacteria collectively called rhizobia, but including more specifically the genera Azorhizobium, Allorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium and Sinorhizobium. Exceptions to the rhizobia-legume symbiosis include the actinomycete Frankia spp., which are well-known partners in the formation of symbiotic nitrogen-fixing nodules on non-legumes such as Casuariana and Alnus species (Soltis et al. 1995; Vessey et al. 2005) , Burkholderia spp., which have recently been shown to produce nodules on the legume Mimosa spp. (Chen et al. 2005) , and the Parasponia-Rhizobium symbiosis (Price et al. 1984) .
The importance of nodulation and nitrogen fixation to agriculture, natural ecosystems and the global nitrogen cycle are indisputable (Graham and Vance 2003) . Legumes are cultivated on 12-15% of available arable land and constitute more than 25% of the world's primary crop production. They provide roughly 200 million tons of nitrogen per year. Second only in importance to the Graminiae with respect to agricultural production and human and animal consumption, some of the more dominant crop and pasture legumes include soybean [Glycine max (L. Apart from the obvious potential for increased agricultural productivity, a more comprehensive understanding of nodulation will enhance our knowledge of plant development and plant-microorganism interactions. For example, the development of root nodules has parallels with lateral root formation (Krusell et al. 2002; Mathesius 2003; Bright et al. 2005; Olah et al. 2005) . Therefore, nodulation research will help provide insight on this general developmental process in plants. In addition, some of the steps in nodule formation are common to, and likely derived from, the pathway leading to symbiosis between mycorrhiza and their respective plant hosts (Endre et al. 2002; Stracke et al. 2002; Lévy et al. 2004; Kistner et al. 2005) . Similarly, the plant parasitic rootknot nematode, Meloidogyne incognita, is proposed to infect susceptible plants via a process that shares similarities with Rhizobium infection (Weerasinghe et al. 2005) . The shared pathways of these symbiotic and pathogenic organisms and their respective plant hosts are suggestive of a common evolutionary development, probably arising from the more ancestral mycorrhiza-plant interaction.
Nodulation research has made great strides over the past few years because of the production and characterisation of an extensive collection of legume mutants with defects in nodule development or the regulation of nodule number. This work has illustrated how nodulation is controlled by networks of short-and long-distance signals between the site of bacterial infection in the root, and additional cells in both the root and shoot of the host plant. This review describes some of the important research in the field of legume nodulation with a particular emphasis on the latest findings dealing with the short-and long-distance signalling pathways controlling the development, regulation and maintenance of nodules.
Nodule initiation and development
Nodulation mutants with well-defined phenotypes have been identified in a variety of legumes, particularly Lotus japonicus L., Medicago truncatula Gaertn., soybean and pea Gresshoff 1993; Stacey et al. 2006) . These phenotypes, many of which are associated with the early events of nodule formation, include alterations and defects in root hair swelling, branching and curling, infection thread formation, failure to exhibit Ca 2+ spiking, inhibition of cortical cell division, and ultimately failure to form functional nodules, and these are described in detail below. Characterisation of these nodulation mutants has enabled researchers to construct an ordered network of early physiological events (Fig. 2) . Cloning of the genes responsible for these mutant phenotypes has revealed a molecular network that can be best described as a series of three distinct but linked processes (Fig. 2) . Initially, there is the perception of the rhizobia-derived signal(s) by membrane receptors, principally Nod factor perception by LysM-type protein receptor kinases (Limpens et al. 2003; Madsen et al. 2003; Radutoiu et al. 2003 ; A Indrasumunar, I Searle, A Kereszt, A Men, PM Gresshoff, BJ Carroll unpubl. data), followed by a NBS-LRR-receptor kinase called LjNORK, MsSYMRK, MtDMI2 or PsSYM19 (Endre et al. 2002; Stracke et al. 2002; Mitra et al. 2004a; Capoen et al. 2005) . Next, the reception of the rhizobia-derived signal is processed via the action of channels in the nuclear, cytoplasmic and plastid membranes (Ané et al. 2004; Imaizumi-Anraku et al. 2005; Kanamori et al. 2006) , which is seen most readily by depolarisation of the host cell membrane and through an initial influx (Shaw and Long 2003a) and subsequent spiking in cytosolic Ca 2+ concentration (Felle et al. 1998; Wais et al. 2000; Walker et al. 2000; Oldroyd 2001; Lévy et al. 2004; Mitra et al. 2004a) . Finally, there is execution of the response to rhizobia infection, primarily through the action of transcription factors, which are proposed to activate as yet uncharacterised target genes (Schauser et al. 1999; Borisov et al. 2003; Kalo et al. 2005; Smit et al. 2005 ).
An understanding of the overall ontogeny of legume nodulation (Fig. 1) Fig. 2 . Model depicting the physiological events and genes associated with the early stages of nodulation and AON. The yellow boxes indicate the genes that encode for proteins common to both the nodulation and mycorrhiza signalling pathways. Radutoiu et al. 2003 ; A Indrasumunar, I Searle, A Kereszt, A Men, PM Gresshoff, BJ Carroll unpublished data) . Related receptors were detected in pea and M. truncatula (Limpens et al. 2003; Madsen et al. 2003) . NF perception and processing also requires a downstream leucine-rich repeat receptor kinase, namely LjSYMRK, MsNORK, MtDMI2, PsSYM19 and SrSYMRK from L. japonicus, M. sativa, M. truncatula, P. sativum and Sesbania rostrata, respectively (Endre et al. 2002; Stracke et al. 2002; Mitra et al. 2004a; Capoen et al. 2005) . Interestingly, this receptor also controls arbuscular mycorrhization, a common plant-fungal symbiosis. The NF signal is processed through a signal transduction cascade involving proteins that are predicted to encode membrane ion channels (MtDMI1, LjCASTOR, LjPOLLUX; Ané et al. 2004; Imaizumi-Anraku et al. 2005) , a nucleoporin (NUP133; Kanamori et al. 2006) , calcium-calmodulindependent protein kinases (MtDMI3) (Lévy et al. 2004) and eventually transcription factors of the GRAS (MtNSP1, MtNSP2) and NIN type (LjNIN, PsSYM35) (Schauser et al. 1999; Borisov et al. 2003; Kalo et al. 2005; Smit et al. 2005) .
The membrane ion channels, nucleoporin and calciumcalmodulin-dependent protein kinases are also utilised by the signal transduction pathway controlling mycorrhization. NF, being similar in structure and function to some fungal elicitors, may result in a cellular redistribution of calcium, which in turn causes transcriptional changes (Gabriel and Rolfe 1990) .
Nod factor is sufficient to induce many of the early physiological, molecular, and developmental responses leading to nodule formation (Truchet et al. 1991; Mitra et al. 2004b) . NF perception has two developmental outcomes, namely root-hair deformation and the initiation of cortical as well as pericycle cell divisions. Additionally one presumes that exposed tissues comprising perhaps several cell types enter an 'activated state', related in response to perception of pathogenic elicitors . Indeed the 'activated state' may be a precursor for the events leading to root hair deformation / curling and induction of cortical / pericycle cell divisions. Interestingly, pathogenic fungi do not induce such responses suggesting additional signals for specific responses.
Root-hair curling creates a microenvironment for the bacteria, enriching NF levels and facilitating subsequent bacterial invasion. The cell types that divide in response to NF to form the nodule primordia vary depending on whether the legume develops determinate nodules (spherical in shape due to early meristem termination) or indeterminate nodules (cylindrical in shape due to later meristem termination). Determinate nodules in plants such as soybean initially form from cell divisions in the outer cortex. In contrast, indeterminate nodules in legumes such as Medicago, clover and pea develop initially from inner cortical cells with both determinate and indeterminate nodulators subsequently accompanied by a limited number of cell divisions in the pericycle (Timmers et al. 1999; Morris and Djordjevic 2006) . Additionally, as a prelude to infection thread growth towards the nodule primordium, cortical cells are involved in the formation of pre-infection threads, which are cytoplasmic bridges across the central vacuole of radially aligned cells (van Brussel et al. 1992; Timmers et al. 1999) . Studies on Vicia sativa, a model for pre-infection thread formation, suggest that during this process cells of the inner cortex enter into cell division, while cells of the outer cortex do not divide but form the cytoplasmic bridges (van Brussel et al. 1992) . van Brussel et al. (1992) also found that if V. sativa was exposed to NF in the absence of rhizobia, then root hairs would form instead of infection threads, supporting the proposal that nodule formation and root formation may share some common pathway(s). Further, in both V. sativa and M. sativa pre-infection thread formation failed to take place with rhizobia that either failed to produce the relevant NF or produced NF with modifications of the substituent groups (van Brussel et al. 1992; Timmers et al. 1999) .
One should note that root-hair cells and epidermal cells, although targets of the NF signalling, are not induced to divide. In addition, the physical and chemical properties of NF make it an unlikely candidate to directly initiate the division of cortical and pericycle cells within the root. Thus, NF perception likely triggers a signalling cascade that regulates processes such as bacterial infection thread formation and cell division. Bacteria within the infection thread provide a continuous source of NF for signalling and subsequent development of the mature nitrogen-fixing nodules. However, it has been shown that the expression of NF is population dependent, being repressed at high population densities, and that bacteria in the mature nodules do not produce NF (Schlaman et al. 1991; Loh et al. 2001) .
Although symbiotic nitrogen fixation is an important attribute that provides legumes with a distinct advantage in nitrogen-poor environments, the process of nodulation is regulated by the plant to ensure that nodule formation is balanced for optimal growth and development. This is especially so during seedling establishment. Because NF is the key signalling molecule involved in nodule formation, it would not be surprising if mechanisms involved in the regulation of nodulation targeted the NF signal transduction pathway. Ethylene has been shown to play a role in regulating the radial positioning of nodule formation in the root (Penmetsa and Cook 1997) , and appears to function, at least in part, by inhibiting NF signalling . The major systemic pathway regulating nodulation is AON. Ethylene regulation of nodulation functions independently of AON as ethylene insensitive legume mutants still possess AON and AON mutants are still ethylene sensitive (Penmetsa and Cook 1997; Wopereis et al. 2000) . Although the mechanism by which AON regulates nodule formation is not known, it may also operate by interfering with NF perception and / or signalling.
Autoregulation of nodulation
Autoregulation of nodulation, or feedback inhibition of nodulation, involves long distance signalling between the root and shoot whereby early nodulation events act to inhibit subsequent nodule development (Bauer 1981; Kosslak and Bohlool 1984; . Such a regulatory circuit, operating in seedlings, presumably allows the plant to monitor the level of nodulation and balance nodule formation with overall growth and development. Most AON mutants are characterised by a supernodulation or hypernodulation phenotype as well as nitrate-tolerant nodulation (Carroll et al. 1985a, b; Park and Buttery 1988; Duc and Messager 1989; Wopereis et al. 2000; Schnabel et al. 2005) , suggesting that fixed nitrogen and AON may operate, at least transiently, through a similar control point of nodule development. In this context the results of experiments involving the use of split-root systems (where the root of a plant is physically separated into two compartments so each root part can be independently treated) in soybean are relevant (Hinson 1975) . It was found that root portions exposed to inhibitory nitrate concentrations showed a reduction in nodule number and specific nitrogenase activity (nitrogen fixation per mg nodule mass), while the attached root portion not exposed to nitrate displayed a reduction in nitrogen fixation but wild-type numbers of nodules. This suggests that nitrate inhibition of nodule initiation relies on a local effect, while inhibition of nitrogen fixation is systemic. This result from a determinate-nodulator (i.e. soybean) was confirmed in the indeterminate nodulation type, white clover (Carroll and Gresshoff 1983) .
The phenomenon of host-mediated regulation of nodule number was first observed in red clover by Nutman (1952) . These experiments revealed that removal of nodules or root tips resulted in the formation of new nodules. This discovery suggested that nodule and root meristems negatively regulate further nodule formation. Identical results were obtained in soybean , indicating that feedback inhibition of nodule formation was similar in plants forming either indeterminate or determinate nodules. In addition, these results suggested that AON might involve the recognition of signals elicited by cell division. Importantly, the work of also showed that the newly formed nodules in soybean were not the result of new bacterial infections, but developed from preexisting 'dormant' infections. Anatomical studies on infected roots of soybean support these results as many infections appear to be arrested at early stages of development (Calvert et al. 1984; Mathews et al. 1989) . Characterisation of the zone of nodulation has shown that successful infections occur around the root tip at the time of inoculation, in the region of newly developing root hairs (Bhuvaneswari et al. 1980 ). This 'susceptible zone' or 'window' of nodulation is transient and moves along with the growth of the root. Early nodulation events act to suppress nodule development in younger portions of the root through AON (Pierce and Bauer 1983) .
Autoregulation of nodulation appears to target nodule ontogeny at different stages depending on whether the legume forms determinate or indeterminate nodules. In soybean (determinate nodules), autoregulation inhibits nodulation through a major control point after initiation of cortical cell division clusters (Mathews et al. 1989) . In contrast, autoregulation in the legumes pea and M. sativa (indeterminate nodules) acts at an earlier stage such that nodulation-inhibited root zones are void of cortical cell divisions (Caetano-Anollés and Gresshoff 1991; Sagan and Gresshoff 1996) . Since determinate and indeterminate nodules develop from distinct cell types (outer v. inner cortical cells, respectively), the timing of AON inhibition may reflect differences in NF signalling that lead to cell divisions in the inner and outer cortical cells. The distinct target stages for AON arrest could be explained by the apparent need for NF stimulation of the early symbiotic stages, as illustrated by continued NF biosynthetic gene expression in invading bacteria and continued expression of symbiotic genes such as DMI2 (Bersoult et al. 2005) .
Elegant experiments involving the use of split roots provided the first evidence that AON is regulated systemically (Kosslak and Bohlool 1984) and active in a variety of different plant species (Sargent et al. 1987; Caetano-Anollés and Bauer 1988) . Physical separation of a plant's root system allowed the inoculation of one part of the root followed by a delayed inoculation of the second half of the root. Inoculation of the first root-half was found to suppress nodulation on the opposite side in a time-dependent fashion such that nodulation was reduced after a 24-h delay and essentially 100% suppressed after ∼7-10 d. The rapid AON response indicated that neither nitrogen fixation nor mature nodules were necessary to elicit the feedback control of nodulation. To help identify the signal that triggers AON, researchers utilised both split-roots and grafted plants in combination with various bacterial or plant nodulation mutants.
Caetano-Anollés and Gresshoff (1990) used approachgrafts of wild-type plants with two different non-nodulation mutants (nod139 and nod49) to show that only a limited number of cell divisions (characteristic of nod49 in response to inoculation) were necessary to activate AON in soybean. In contrast, mutant nod139, which lacks all symbiotic responses, failed to activate AON. In alfalfa, the formation of empty, non-functional nodules by a Sinorhizobium meliloti exopolysaccharide-deficient mutant was sufficient to induce AON, further demonstrating that mature, nitrogen-fixing nodules are not necessary to elicit the AON signal (CaetanoAnollés et al. 1990 ). These results are consistent with the theory that cell divisions, or signalling events closely associated with them, may trigger the root-derived signal that activates AON. Split-root experiments have shown that arbuscular mycorrhizal fungi (AMF) infection is sufficient to trigger AON (Catford et al. 2003; Meixner et al. 2005) . This result suggests that specific signals, and not cell division per se, may be the trigger because mycorrhizae do not induce cells to divide, yet utilise some of the early signalling components involved in nodulation. Interestingly, in the common bean P. vulgaris the initiation of nodule formation was not sufficient for the induction of AON, but required the presence of nodules containing bacteria (George and Robert 1991) . This apparent requirement for developed nodules with bacteria may be due to a reduced response of bean to NF signalling. Induction of the 'activated state' needed to trigger AON in bean may therefore require a continued source of NF, which is supplied by the bacteria within the developing nodule. Consistent with this theory is the fact that activation of AON in P. vulgaris is significantly slower relative to other legume species (George and Robert 1991) .
The theory that AON involves long-distance signalling between the root and shoot was clearly demonstrated by root-shoot grafts of wild-type plants and supernodulating mutants (Delves et al. 1986 ). Grafting of shoots from supernodulating soybean mutants to the roots of wild-type plants resulted in a supernodulating phenotype, while the reciprocal graft allowed normal regulation of nodule number. Clearly the supernodulation mutation affected the perception of a root-derived signal in the shoot and / or the ability to generate the shoot-derived inhibitor. These experiments also demonstrated that the mutated gene was not required for production of the root-derived signal as roots from the supernodulation mutant grafted to wild-type shoots resulted in normal levels of root nodulation.
The identity of the root signal and how it acts to induce the production of a leaf-derived inhibitor of nodulation is currently unknown. Cloning the genes responsible for a supernodulating phenotype in soybean (GmNARK, G. max Nodule Autoregulation Receptor Kinase; Searle et al. 2003) , L. japonicus (HAR1, Hypernodulation and Aberrant Root; Krusell et al. 2002; Nishimura et al. 2002a) , pea (SYM29, SYMbiosis; Krusell et al. 2002) , and M. truncatula (SUNN, SUper Numeric Nodules; Schnabel et al. 2005) , however, has shown that a putative transmembrane, leucine-rich repeat (LRR) receptor-like kinase (GmNARK, HAR1, SYM29, and SUNN are collectively referred to henceforth as the 'AON receptor-like kinases') is a key regulator of the AON signalling pathway, and has shed some light on other potential players. The predicted proteins for the AON receptor-like kinases are most similar to the Arabidopsis thaliana receptor kinase, clavata1 (CLV1), which regulates shoot and floral meristem proliferation by relatively short distance cell-tocell signalling (Clark et al. 1997) . Since all these proteins function in meristem regulation, it is thought that the legume counterparts probably evolved from CLV1 to function in the long distance regulation of nodule meristem development. The functional and sequence conservation between CLV1 and the AON receptor-like kinases make it tempting to speculate that they may also share additional similarities in their signal transduction pathways. Various evidence suggests that AtCLV1 functions in a protein complex with a LRR receptorlike protein (CLV2), a kinase associated protein phosphatase (KAPP), a Rho-like GTPase (Rop) and a small, extracellular polypeptide (CLV3). CLV3 is believed to be the ligand that activates the complex, resulting in a signal transduction cascade that regulates the nuclear-localised transcription factor WUSCHEL (DeYoung and Clark 2001; Sharma et al. 2003) . Potential orthologues of CLV2 and KAPP (M Kinkema, A Miyahara, PM Gresshoff unpubl. data) have been cloned from soybean, and their possible role in AON is currently under investigation. The identification of proteins that interact with the AON receptor-like kinases will help advance our understanding of the signal transduction pathway controlling AON and establish if symbiotic root meristems are regulated in a manner similar to meristematic cells in the shoot.
Interestingly, although grafting experiments have clearly demonstrated that GmNARK, LjHar1, and SUNN function in the shoot, transcripts for these genes are abundant in both the shoot and root (Yamamoto et al. 2000; Krusell et al. 2002; Nishimura et al. 2002a; Schnabel et al. 2005) . This finding begs the question of why root expression does not restore wild-type nodulation when grafted to a supernodulating shoot. One possible explanation is that the receptors interact with a shoot-specific ligand in response to the root-derived signal. Alternatively, essential components of the signalling pathway, such as the substrate acted upon by the receptor kinase, may not be present in the root.
The soybean genome contains a gene, GmCLV1A, which shares 92% sequence identity with GmNARK and is expressed at a comparable level in leaves (Yamamoto et al. 2000) . Despite this relatedness, GmCLV1A does not appear to complement the AON phenotype of the GmNARK mutant as GmNARK behaves as a single, recessive, loss of function mutant. GmCLV1A is more closely related to AtCLV1 than is GmNARK, suggesting that GmCLV1A may be the functional orthologue of AtCLV1. Preliminary results on the analysis of GmCLV1A TILLING (Targeting Induced Local Lesions IN Genomes; McCallum et al. 2000) mutants suggest that GmCLV1A may control an activity similar to AtCLV1, namely the maintenance of apical meristem integrity in juvenile nodes as GmCLV1A mutants have cotyledonary node basal branching (T Mellouki, PM Gresshoff, K Meksem unpubl. data).
Another mutant showing the AON phenotype of increased nodulation and an expanded nodulation zone is astray in L. japonicus (Nishimura et al. 2002c ). Although it is not known if astray functions in the shoot or root, this mutant clearly differs from the GmNARK, har1, sym29, and sunn supernodulating mutants because it possesses less nodules and is not nitrate-tolerant. The astray gene encodes a basic leucine zipper (bZIP) protein with a RING-finger motif, and is similar to the Arabidopsis photomorphogenesis transcriptional activator HY5 (Nishimura et al. 2002b) . It is possible that ASTRAY functions by transducing the shoot signal and directly regulating a portion of the genes involved in AON signalling. Full activation of AON may require additional transcription factors that serve to activate other pathways associated with the regulation of nodule number. The cloning of additional novel genes involved in AON, such as L. japonicus KLAVIER (Oka-Kira et al. 2005) , will help dissect the signal transduction pathway involved in long distance regulation of nodulation.
Additional supernodulating mutants exist in several legumes. In pea, nod3 increases nodule number in a nitrate-insensitive manner (Jacobsen and Feenstra 1984) , and grafting experiments have clearly shown that this gene functions in the root (Postma et al. 1988) . Sagan and Duc (1996) described another locus in pea that displays shootcontrolled supernodulation (Pssym28). This mutant may be altered in a homologue of LjKLAVIER. Following a wide screen of M. truncatula, Julia Frugoli and co-workers (Clemson University) isolated several supernodulation mutants affected in novel genes. One mutant, rdn, exhibits a phenotype indicating root control of nodulation via a gene that may be a homologue of PsNOD3. Another gene, lss (Like SUNN Supernodulator; formerly sn-1), which fails to rescue the sunn mutation, may be a homologue of LjKLAVIER and PsSYM28 (Stacey et al. 2006) as these mutants display common phenotypes of shoot-controlled supernodulation, nitrate tolerance, stem fasciation and altered photoperiodism.
Nitrate inhibition
The primary environmental condition that controls nodulation in legumes is the availability of fixed nitrogen (ammonia or nitrate) in the soil. This type of environmental control prevents the plant from investing in nodule development under conditions where nitrogen is not limiting.
Fixed nitrogen appears to function by directly or indirectly blocking some of the early events in nodulation, such as root-hair curling, cortical-cell division, and infection-thread formation (Malik et al. 1987; Carroll and Mathews 1990; Heidstra et al. 1994) . The timing of nitrate inhibition was carefully examined by Malik et al. (1987) by exposing plants to inhibitory concentrations of nitrate at different times after Rhizobium inoculation. This work illustrated that nitrate inhibition of nodule formation was significantly reduced when plants were inoculated 18-24 h before treatment with 15 mM KNO 3 , suggesting that the nitrate sensitive steps may occur within 18 h of inoculation. As plants are continuously sensing their environment, it is not surprising that nitrate inhibition is reversible (Malik et al. 1987) so that nodule formation can be controlled as nitrogen availability in the soil changes. Although fixed nitrogen clearly plays an integral part in controlling nodulation, the mechanism of this regulation is not yet clear. However, as mentioned above, nitrate appears to suppress nodulation locally while limiting nitrogen fixation systemically (Hinson 1975) .
As discussed earlier, NFs play a key role in early events such as root-hair curling and cortical-cell divisions. However, it is not likely that nitrate inhibition is due to a complete loss of Nod factor perception because not all aspects of Nod factor signalling are blocked by nitrate (Heidstra et al. 1997a) . Clearly there are early responses that are sensitive to nitrate and are also essential for nodule formation. As nitrate is known to have a variety of physiological effects on plants, it may indirectly regulate nodulation through multiple signalling pathways.
Nitrate inhibition of nodulation in soybean is known to be affected by the titre of inoculating Bradyrhizobium cells (Lawson et al. 1988) , and this effect is independent of the inoculum's ability to metabolise nitrate. When wild type soybean plants were inoculated with low bacterial titres, nitrate inhibition was severe. Increasing the inoculum titre, however, significantly reduced the level of inhibition. A modern interpretation of this result may be that NF perception is limited in soybean and that nitrate directly affects the strength of the NF perception cascade.
Ethylene and nodulation
In addition to AON, which acts to restrict the zone of nodulation in the root, nodule formation is controlled within the susceptible zone by an independent process involving the hormone ethylene. Ethylene treatment has been shown to reduce nodule formation in a variety of plants (Grobbelaar et al. 1971; Goodlass and Smith 1979; Lee and LaRue 1992; Nukui et al. 2000; Goormachtig et al. 2004) , while inhibitors of ethylene perception and synthesis lead to an increase in nodulation (Peters and Crist-Estes 1989; Fearn and LaRue 1991; Guinel and LaRue 1992; Goormachtig et al. 2004) . However, the generalisation that ethylene insensitivity leads to increased nodulation is not warranted as a strong triple response mutant (the triple response is characterised by three specific morphological changes in dark grown seedlings exposed to ethylene; shortened and thickened hypocotyl, inhibition of root growth, and exaggerated apical hook) of L. japonicus MG20 was isolated that fails to show increased nodulation (PK Chan, PM Gresshoff unpubl. data) . In addition, conflicting results have been obtained regarding the role of ethylene in the regulation of nodulation in soybean (Lee and LaRue 1992; Hunter 1993; Suganuma et al. 1995; Xie et al. 1996; Caba et al. 1999; Ligero et al. 1999; Schmidt et al. 1999) , and these findings may be due to differing ethylene sensitivities among cultivars. The exact mechanism by which ethylene inhibits nodulation is not clear, but evidence indicates that it is capable of inhibiting many of the early steps in NF signalling . In addition to regulating nodule formation, ethylene has also been shown to play a role in the regulation of nodule type (indeterminate and determinate) in the semiaquatic legume S. rostrata, which is capable of forming both types of nodules (Fernández-López et al. 1998 ).
Ethylene appears to provide positional information within the root and, thereby, regulate the spatial formation of nodules. Nodule formation normally occurs opposite xylem poles in the root. Heidstra et al. (1997b) found that the application of inhibitors for ethylene perception and synthesis to pea roots led to an increase in nodule formation across from phloem poles, where nodule formation is normally suppressed. In addition, expression of the ethylene biosynthetic enzyme ACC oxidase was localised specifically in cells opposite phloem poles (Heidstra et al. 1997b ). These results suggest that localised ethylene synthesis in the root may play a role in the spatial distribution of nodules by inhibiting nodule formation around phloem poles. Further support for this theory came from the identification of the M. truncatula sickle mutant that displays hypernodulation in the susceptible zone and is insensitive to ethylene (Penmetsa and Cook 1997) . Spatial distribution of nodule formation is abolished in sickle as nodulation occurs randomly in the cortical region of the root. Transgenic L. japonicus plants showing an ethylene insensitive phenotype due to expression of a mutant ethylene receptor display a similar phenotype to sickle (Nukui et al. 2004 ; D Lohar, J Stiller, S Hababunga, JW Kam, J Dunlap, G Stacey, PM Gresshoff unpubl. data). Importantly, the increased nodulation present in sickle, transgenic L. japonicus expressing a mutant ethylene receptor, and in plants treated with ethylene inhibitors (Peters and Crist-Estes 1989 ) is due to more nodules in the susceptible zone and not an increase in the zone of nodulation as found in AON mutants.
Mutants showing a correlation between nitrate-tolerant symbiosis and supernodulation indicate that AON and nitrate may share overlapping signals to control nodule number. There is also evidence that nitrate inhibition of nodulation involves an ethylene-dependent mechanism. In alfalfa, both nitrate and Rhizobium treatment cause an increase in ethylene production, and inhibitors of ethylene biosynthesis and perception have resulted in increased nodulation in the presence of high nitrate (Ligero et al. 1986 (Ligero et al. , 1987 (Ligero et al. , 1991 Caba et al. 1998) .
Thus, nodule formation is regulated by at least two distinct pathways: ethylene-dependent signalling to control the distribution of nodules in the susceptible zone, and long-distance signalling to limit the extent of nodulation along the root. Nitrate may utilise both of these pathways to ensure that nodulation is suppressed under environmental conditions where nodulation is not needed. Although the exact mechanism involved in nodule regulation is not known, it is likely that these different pathways operate in part by interfering with NF signalling and / or perception.
Reactive oxygen species and nodulation
The interaction between avirulent plant pathogens and their respective hosts is characterised by the production of reactive oxygen species (ROS) in the early stages of the plant defence response. These ROS, including the superoxide anion (O 2 . − ) and hydrogen peroxide (H 2 O 2 ), play an integral role in plant defence, particularly as part of the hypersensitive response (HR). While it has been suggested that ROS may be involved in the direct killing of pathogens, more substantive support has been for the role of ROS in HR through participation as a component in signalling and in the cross-linking of plant cell-wall proteins that delimit the pathogen (Lamb and Dixon 1997; Apel and Hirt 2004) .
Just as the invasion of a host plant by a pathogen involves a network of recognition, signalling and response, so too the symbiosis between rhizobia and legumes is composed of a similarly intricate signalling network. Moreover, as nodulation entails the invasion of host legumes by rhizobia it has been considered likely that the recognition and response by the host plant shares, at least in part, mechanisms common to invasion by pathogens and defence by the host plants (Vasse et al. 1993; Gage 2004) . To this, there have been several studies examining the production and fate of ROS during nodule development (Santos et al. 2001; Ramu et al. 2002; D'Haeze et al. 2003; Jamet et al. 2003; Shaw and Long 2003b) .
In response to S. meliloti infection of M. sativa Santos et al. (2001) detected O 2 . − in infection threads and nodules by histochemical staining with nitroblue tetrazolium and H 2 O 2 in nodules by transmission electron microscopy following staining with cerium chloride. Ramu et al. (2002) demonstrated that ROS production in M. truncatula was induced by S. meliloti in a Nod-factor-specific manner. Superoxide accumulation in roots, which could occur with purified Nod factor in the absence of bacterial cells, was abolished with S. meliloti mutants that either failed to produce Nod factor or produced Nod factor without the reducing end sulfate. ROS production in M. truncatula was able to induce the expression of rip1, which is an early nodulin gene and encodes a putative peroxidase. In support of the role for ROS in nodule formation, the symbiotic mutant dmi1-1 of M. truncatula, which does not exhibit early Nod factor responses, failed to produce superoxide and induce rip1 expression. In contrast, Shaw and Long (2003b) observed a reduction in H 2 O 2 efflux in the roots of M. truncatula upon exposure to Nod factor, a response that could be suppressed in mutants unable to form nodules. Shaw and Long (2003b) propose that the differences in ROS production seen between their study and that of Ramu et al. (2002) may be due to the times at which ROS production was determined. Shaw and Long (2003b) determined H 2 O 2 efflux during the first 90 min of exposure to Nod factor, while Ramu et al. (2002) detected ROS accumulation some 12 h following inoculation with S. meliloti. Clarification of ROS production throughout the entirety of nodule ontogeny remains a continuing challenge. To attenuate a defence response and accumulation of ROS Jamet et al. (2003) have shown that S. meliloti possess three genes (katA, katB and katC ) encoding catalase, which can be expressed during nodule formation. Two of these genes, katB and katC, are essential for nodulation. The obvious question remains as to whether or not the expression of these catalase genes may suppress the effects of oxidative stress from ROS.
Common signals in symbiosis and development
It is likely that legume nodulation and the regulation of nodulation evolved by utilising pre-existing pathways functioning in other symbiotic interactions, and involved in aspects of plant development. Arbuscular mycorrhizal fungi (AMF) form a symbiotic relationship with most land plants and enhance nutrient uptake by the roots while parasitic nematodes can be a devastating pest for a variety of crops. Nevertheless, both of these interactions (mutualistic and parasitic, respectively) share a variety of similarities with the processes involved in nodulation and the formation of lateral roots (Mathesius 2003) . Nutman (1948) first noted a strong correlation between lateral root and nodule formation and suggested that rhizobia may induce nodulation by acting on the dividing cells of lateral root primordia. This hypothesis is supported by the work of Mathesius et al. (2000) , who showed that rhizobia could induce nodules in the mature region of the root (normally not responsive to nodulation) in cells associated with lateral root formation. This finding suggests that some of the early responses in nodule development may be activated in lateral root primordia. Grafts between wild type L. japonicus and the supernodulating har1 mutant show that the shoot genotype can control both the supernodulation and increased lateral root phenotypes of har1 (Krusell et al. 2002; Buzas and Gresshoff 2006) . Buzas and Gresshoff (2006) have also shown that the root genotype influences the non-symbiotic root phenotype. It will be interesting to determine if the signalling components upstream and downstream of this receptor kinase are also shared in the long-distance control of nodulation and lateral root development. The fact that several different nodulation mutants display defects in root development (Wopereis et al. 2000; Nishimura et al. 2002a; Penmetsa et al. 2003; Searle et al. 2003) further supports the theory that nodulation utilises programs functioning in other aspects of plant development.
Non-nodulation and supernodulation mutants have also shown that rhizobia, AMF, and nematodes may have more in common than meets the eye. Plant mutants defective for both rhizobia (nod − ) and mycorrhizae (myc − ) associations clearly indicate that some common steps are involved in the initial infection process Bradbury et al. 1991; Catoira et al. 2000; Shrihari et al. 2000; Kistner et al. 2005) . Like the regulation of nodulation by AON, systemic feedback control also exists for AMF colonisation (Vierheilig et al. 2000a, b) , and mutants with increased nodulation have been shown to exhibit enhanced AMF colonisation (Shrihari et al. 2000; Solaiman et al. 2000) . Catford et al. (2003) used split roots in alfalfa and showed that rhizobia inoculation of one root could suppress AMF colonisation of the second root, and vice versa. Thus, nodulation and AMF colonisation may involve similar mechanisms for early infection and the subsequent control of infection via a feedback autoregulatory response. Lohar and Bird (2003) have shown that the har1 supernodulating mutant is more susceptible to infection by root knot nematode suggesting that AON may also be involved in the control of this plant parasite. Moreover, root-knot nematodes invoke a similar cytoskeletal rearrangement in L. japonicus to that exhibited in response to rhizobia, and this response was attenuated or abolished in the nfr1, nfr5 and symRK nodulation mutants (Weerasinghe et al. 2005) .
What are the common signals that regulate the interactions with these diverse organisms and control specific aspects of root development? It is believed that one of the key players is the plant hormone auxin. The importance of auxin in lateral root development is well established (Casimiro et al. 2003) , and its role in nodulation was first reported by Thimann (1936) . Rhizobium inoculation (Mathesius et al. 1998b; Pacios-Bras et al. 2003) , nematode infection (Hutangura et al. 1999) , and lateral root formation (Mathesius et al. 1998b ) all appear to result in a similar auxin distribution pattern as inferred by using transgenic plants containing an auxin-responsive promoter (GH3) fused with GUS or GFP. These experiments imply that during the initiation of cell division auxin levels are high, specifically in the dividing cells, while expression is subsequently reduced as the organs begin to differentiate. This pattern of auxin accumulation may be established by an inhibition in polar auxin transport. Such a mechanism would be consistent with the observations that inhibitors of auxin transport have been shown to induce nodule-like structures in alfalfa (Hirsch et al. 1989 ) and clover (Wu et al. 1996) .
Flavonoids are known inhibitors of polar auxin transport (Jacobs and Rubery 1988) and are good candidates for regulating auxin accumulation in the cells of the root. The application of flavonoids mimics the effect of nodulating rhizobia, resulting in the accumulation of auxin at the site of nodule formation (Mathesius et al. 1998a) . In addition, the timing and localisation of flavonoid expression in the root following RKN infection (Hutangura et al. 1999) , lateral root development, and rhizobia inoculation (Mathesius et al. 1998a) suggest that flavonoids may be a common signal involved in the establishment of these different organs. Expression of flavonoids preceded and overlapped with auxin accumulation and was detected specifically in the primordia destined to form galls, lateral roots, and nodules. The control of cell division through a flavonoid-mediated regulation of auxin accumulation may therefore play an important role in these various processes. Although AMF colonisation does not usually involve cell division, auxin and flavonoids may be important signals mediating this association as well (Xie et al. 1995 (Xie et al. , 1998 . The fact that both Rhizobium and NFs were able to enhance AMF infection (Xie et al. 1995 (Xie et al. , 1998 further suggests that the establishment of these symbiotic associations may involve similar regulatory processes. Lastly, the conservation of downstream signalling events was shown by Koltai et al. (2001) , who found that two transcription factors involved in meristem development were expressed in a similar spatial and temporal pattern in lateral roots, nodules, and RNK galls of M. truncatula.
In addition to shared signals and pathways with lateral root formation, mycorrhizal associations and the infection by nematodes, nodulation is also thought to have parallels with the processes of systemic acquired resistance (SAR; Durrant and Dong 2004) and induced systemic resistance (ISR; van Loon et al. 1998) . SAR is a plant immune response that is often triggered after a local pathogen infection, and can provide long-term resistance throughout the plant to subsequent infections by a broad range of pathogens. It is characterised by the accumulation of salicylic acid and the increased expression of pathogenesis-related proteins (PRs) both at the infection site and in uninfected tissue. ISR also invokes resistance to a broad range of pathogens, but can be distinguished from SAR by the ability of non-pathogenic bacteria to induce resistance. Further, ISR is characterised by signalling involving jasmonic acid and / or ethylene. The early work of Kosslak and Bohlool (1984) demonstrating the systemic nature of AON via their split-root system supports the idea that nodulation shares, at least in part, signalling pathways from SAR and / or ISR. More recently, Nakagawa and Kawaguchi (2006) demonstrated that the application of methyl jasmonate to the shoots of L. japonicus strongly suppressed nodulation. van Spronsen et al. (2003) also demonstrated that salicylic acid (SA) at a concentration of 10 −4 M inhibited nodulation and blocked the mitogenic effect of 18 : 4 acyl containing NF in Vicia sativa. Thus, a variety of evidence from genetic, molecular, phenotypic, and physiological studies suggest that overlapping regulatory pathways may function in development and the interaction with parasitic and mutualistic symbionts.
Future directions
Our current understanding of the early events in nodulation is based on the identification and characterisation of a substantial collection of host plant and bacterial symbiont genes. A sophisticated genetic network controlling the perception and early response to rhizobial NFs is now well established. Approaches targeting events downstream of the early nodulation events will help to provide a more comprehensive view of the relationship between nodule development and systemic regulation of nodulation in legumes. For example, identification of the genes that are regulated by the transcription factors NIN (Schauser et al. 1999) , NSP1 (Smit et al. 2005) , and NSP2 (Kalo et al. 2005) may provide clues on the nature of the root-derived signal implicated in AON. Characterisation of the upstream and downstream components functioning with the AON receptor-like kinases will also help in the identification of this root-derived systemic signal as well as the nature of the shoot-derived inhibitor. The yeast two-hybrid system has previously been utilised to identify proteins that interact with other receptor kinases Li 2002, 2004; Tang et al. 2002; Hattan et al. 2004; Kaothien et al. 2005; Rienties et al. 2005) , and similar studies may also help to characterise additional components involved in the AON signal transduction pathway. Further, protein-protein interaction methodologies, such as the co-immunoprecipitation of receptor complexes, fluorescence resonance energy transfer (FRET) and bimolecular fluorescence complementation, have already been extensively utilised in the characterisation of other receptor-like kinases and protein complexes (Shah et al. 2001; Li et al. 2002; Walter et al. 2004; Ehsan et al. 2005; Karlova et al. 2006) .
Hormones such as auxin and cytokinin are clearly important signals involved in the initiation of nodulation, but their roles in long-distance control of nodule formation is less clear. It is possible that these hormones are also involved in AON via direct or indirect effects on NF signalling. Recent studies by van Noorden et al. (2006) indicate that AON in M. truncatula may involve the regulation of polar auxin transport from the shoot to the root. Work by Ferguson et al. (2005) indicates that another class of plant hormones, the brassinosteroids, may also be involved in AON, and this regulation appears to be independent of auxin. Future studies will help determine the relationships between these various hormones, the AON receptor-like kinases, and the long-distance control of nodulation.
